The use of autolysis-defective bacteria has allowed the recogniztion of several important and novel features of penicillin action. (i) Studies with such bacteria have demonstrated that the irreversible antimicrobial effects of penicillin (i.e., lysis and killing of the cells) may be experimentally separated from the primary, growth-inhibitory effect (7, 16, 25) . (ii) It was shown that during penicillin treatment of autolysis-defective pneumococci the synthesis of both peptidoglycan and teichoic acid polymers continues (R. Hakenbeck, S. Waks, and A. Tomosz, submitted for publication; S. Waks and A. Tomasz, submitted for publication); however, instead of incorporating into the cell wall structure, these precursor polymers are secreted into the growth medium. Among the cell surface polymers secreted by penicillintreated pneumococci were complexes containing the pneumococcal lipid-teichoic acid (Forssman antigen), a specific inhibitor of the autolytic enzyme of this bacterium (9) . The loss of such an enzyme inhibitor may be directly related to the triggering of the autolysin activity, which seems to play a key role in the penicillininduced lysis of pneumococci (27) .
In an earlier communication, we reported on a novel biochemical consequence of penicillin treatment: the secretion of massive quantities of cellular lipids into the medium during antibiotic treatment of the autolysis-defective Streptococcus sanguis (group H) (11) . We now extend this observation to the autolysis-defective Streptococcus pneunmoniae and group A streptococci and establish the existence of this phenomenon in Staphylococcus epidermiidis and Bacillus subtilis as well. The secretion of lipids is specific for inhibitors of peptidoglycan synthesis, and it occurs in the absence of cellular lysis.
MIATERIALS ANI) METHOI)S
Cultures. Strains of three species of streptococci were used in these experiments: S. pneunioniae strain R36A (wild type; Rockefeller University laboratory stock culture) and an autolysin-defective mutant derived from this strain (strain cwl; obtained from S. Lacks Wild-type and autolysin-defective pneumococci were grown in the enriched chemically defined medium (Cden) (15; A. Tomasz, Bacteriol. Proc., p. 29, 1964 ) modified by the omission of sodium chloride and sodium acetate. The medium pH was adjusted with sodium phosphate buffer (0.05 M final concentration) to pH 8 unless indicated otherwise in the text. Growth of the autolysin-defective cwl strain required supplementation of this medium with 0.1%SECRETION OF LIPIDS IN STREPTOCOCCI 705 choline was replaced by its analog ethanolamine (23) . S. sanguis stock cultures (16 h, 37"C) were grown in brain heart infusion broth (Difco) and inoculated into the Cden medium (pH 7.6) at a 1:50 dilution. S. pyogenes T4/56 was routinely grown in Todd-Hewitt broth (Difco). Staphylococcal cultures were grown in Trypticase soy broth (Baltimore Biological Laboratory, Cockeysville, Md.); B. subtilis was cultured in the Cden medium buffered at pH 8 or 6.6. All streptococci were grown at 37°C without aeration in 18-mm-wide tubes, and the other bacteria were cultured aerobically at 37°C. Bacterial growth was monitored by measuring the light scattering with a Coleman nephelometer (24) .
Antibiotics. Benzylpenicillin (Eli Lilly, Indianapolis, Ind.), penicillinase (Calbiochem, La Jolla, Calif.), sodium (i) Labeling of biosynthetically old material. The radioactive acetate was added to exponentially growing cells at a cell density of about 5 x 10"3 colony-forming units per ml, and growth was allowed to continue for at least two generations. The bacteria were then collected by centrifugation, washed with medium, and transferred to isotopefree medium for 20 min (one-third to one-half of a generation time, depending on the strain). After this chase period, the antibiotic was added to the culture (2 x 10, to 5 x 107 colony-forming units per ml).
(ii) Labeling of biosynthetically new material. The radioactive acetate was added together with or 10 min after the addition of the antibiotic.
Biosynthetic labeling of cell wall in S. sanguis. Effect of various metabolic inhibitors on lipid biosynthesis and secretion of biosyntheticallv "new" and "old" lipids. Figure 2 shows that inhibition of growth and of incorporation of radioactive acetate into lipid material is not sufficient to induce appreciable secretion of labeled material from S. pyogenes. Treatment of the cells with inhibitors of protein (chloramphenicol), ribonucleic acid (rifampin), and deoxyribonucleic acid (mitomycin C) syntheses caused a reduction in labeled acetate incorporation that roughly paralleled the growth inhibition; however, very little labeled material was found in the supernatant fluids of the culture even after 3 h of drug treatment. In contrast, approximately 50% of the label incorporated into the cells in the presence of benzylpenicillin was lost to the growth medium in the same time period. Therefore, the secretion of lipid components appears to be related to the interruption of peptidoglycan synthesis. It is of interest to also note that penicillin-induced secretion of lipids could be partially blocked by the simultaneous addition of chloramphenicol.
A similar experiment was done with S. pneumoniae cwl in which the bacteria were prelabeled with acetate and chased in isotope-free medium (as described above) before the addition of the antibiotics. Figure 3 shows that the release of biosynthetically old lipid occurred in the presence of benzylpenicillin. This release showed the same specificity as release of new lipid in S. pyogenes, since treatment of these bacteria with chloramphenicol, rifampin, or mitomycin C did not induce the secretion of acetate-labeled material. In fact, these drugs suppressed the secretion when compared with the control, untreated culture. Penicillin-induced secretion, as in S. pvogenes, could be largely prevented by the simultaneous addition of chloramphenicol. (Table 3) .
Mechanism of lipid secretion: release of membrane vesicles in the absence of observable cell-wall disintegration. The presence of all the cellular lipids in the supernatants of cells treated with "early" or "late" inhibitors of peptidoglycan synthesis suggested that the lipid secretion may represent release of fragments of the cytoplasmic membrane. In an attempt to test for this possibility, supernatants of penicillin-treated cells prelabeled with [:1H]acetate were analyzed by sucrose density gradient centrifugation (Fig. 6) . A large fraction (30% in pneumococci and 55% in S. pyogenes) of the secreted material sedimented to the bottom of the tube. This apparent large molecular size could be explained by the release of vesicular structures during penicillin treatment. Essentially the same results were obtained with S. sanguis cells treated with 3-fluoro-D-alanine plus D-cycloserine (data not shown).
Observation of penicillin-treated S. sanguis by electron microscopy indicated that the cells remained intact (Fig. 7) . Although the appearance of these cells was very similar to that of the control, untreated cells (not shown), occasionally, at higher magnification (Fig. 7B) , the presence of membranous vesicles could be observed at the outer surface of penicillin-treated bacteria.
Kinetics of lipid secretion compared to inhibition of cell wall synthesis in S. sanguis. before ("old" label) or during ("new" label) treatment with a penicillin derivative (see Table 1 , footnote a).
Pneumococci and B. subtilis were treated with the drugs in growth medium adjusted to the pH value that either permits (pH 8) or prohibits (pH 6.6) antibiotic-induced lysis. Total incorporation and secretion of TCA-precipitable counts per minute into the growth medium were determined after 45 min (B. subtilis) and 60 min (S. pneumoniae and S. epidermidis). Antibiotic-induced lysis on the pH 8-grown cultures was evident at 30 min in B. subtilis and at 60 mmn in S. pneumoniae. (Fig. 9) . The halt in lipid release was evident 10- ,even before the resumption of growth of the culture could be detected. creted during benzylpenicillin treatment. S. pyogenes initiated by benzylpenicillin could also be interand autolysin-defective pneumococci were prelabeled rupted by placing the bacteria at 0°C or by with [H/acetate as described in the legends to Fig. 3 placing the cells in a simple buffer at 37°C and 4. The prelabeled cultures were then treated (Table 4) . These results are in accord with the with benzylpenicillin (0.07 pg/ml) for 1.5 h at 37°C. previous finding that the release of glycerolAfter centrifugation to remoue the bacteria, the su-labeled components from S. sanguis required pernatant fluids were layered on top of linear sucrose conditions suitable for growth (10 (6, 8, 17 in the absence of any detectable cell wall damage (see Fig. 7 ).
The loss of lipid from the cells cannot be Kusaka re- ported that the hydrolysis of membrane phospholipid by intracellular phospholipase C during protoplast formation was accompanied by the release of diglyceride-enriched membrane vesicles in certain gram-positive bacteria (13) . He suggested that the release of the membrane vesicles resulted from structural damage to the membrane caused by degradation of the phospholipid. Membrane permeability changes may, at least in part, be caused by triggered phospholipase A activity during attachment of bacteriophage T4 ghosts (5) ment of E. coli with a bactericidal factor isolated from rabbit polymorphonuclear leucocytes (30) . The possibility that the secretion phenomenon described in this paper could similarly be the result of a triggered phospholipase A or C activitvy is not supported by the lipid analyrses. Phospholipid content was not appreciably decreased in drug-treated cultures compared with control cultures. The slight increase in the quantities of neutral lipid, the majority of which is diglyceride in S. saniguis and S.
pvogetues, appeared to be more likely due to a slight inhibition in the biosynthetic conversion of diglyceride to the glycolipids (presumably glycosyl diglyceride; 21; see Table 2 ). Diglyceride and nucelotide sugars have been documented as precursors of monoglucosyl diglyceride and galactosyl-glucosvl diglyceride of pneumococcus (12) and of monoglucosyl and diglucosyl diglycerides in S. taecalis (20) . In these experiments, we could also not detect any activation of phospholipase A by the cell wall inhibitors. No free fatty acids or lyosphosphatides (products of this enzyme) could be detected in any of the streptococci treated with the drugs.
The cause of the massive release of cellular lipids into the growth medium induced by cell wall inhibitors remains to be clarified. The generality of this phenomenon is indicated by the wide variety of gram-positive bacteria that respond to inhibition of cell wall synthesis by secretion of lipid into the medium.
Lipid release is initiated without a lag upon arrest of cell wall synthesis, and the amounts of lipid released are proportional to the degree of inhibition of peptidoglycan synthesis. This suggests that a mechanism keeps the ratio of peptidoglycan (cell wall) to lipid (plasma membrane) material within a narrow range in the cell, with excess material eliminated through secretion. Newly made peptidoglycan may provide attachment sites for new elements of the plasma membrane or it may insure in some other, as yet unknown, manner the incorporation and retention of lipid components in the cell envelope.
